An evaluation of the risk to an exposed element from a hazardous event requires a consideration of the element's vulnerability, which expresses its propensity to suffer damage. This concept allows the assessed level of hazard to be translated to an estimated level of risk and is often used to evaluate the risk from earthquakes and cyclones. However, for other natural perils, such as mass movements, coastal erosion and volcanoes, the incorporation of vulnerability within risk assessment is not well established and consequently quantitative risk estimations are not often made. This impedes the study of the relative contributions from different hazards to the overall risk at a site.
Introduction
There has been growing interest in conducting multi-risk assessments recently. For example, numerous EC-funded Sixth Framework Programme Integrated Projects, such as from the information technology viewpoint: ORCHESTRA (2006) , OASIS (2006) and WIN (2006) and with regards data collec-Correspondence to: J. Douglas (j.douglas@brgm.fr) tion: PREVIEW (2006) , are investigating aspects of multirisk management. The software applications developed for the American HAZUS-MH (FEMA, 2003) , the New Zealand RiskScape (King and Bell, 2005) and the French ARMAGE-DOM (Sedan and Mirgon, 2003) projects are being developed in the direction of multi-risk evaluation. Also currently on going is the Risk Map Germany (2006) initiative. An evaluation of the risk to an exposed element from a given hazard requires a consideration of the element's vulnerability, expressing its propensity to suffer damage. This concept allows the assessed level of hazard to be translated to an estimated level of risk. This approach is well established within a few risk domains, such as earthquake risk where numerous fragility curves (expressing the damage level to a building given, for example, the amplitude of ground shaking) exist. However, for many hazards, such as mass movements, coastal erosion and volcanoes, the incorporation of vulnerability within risk assessment is not well-established and few, if any, fragility curves have been developed (e.g. Douglas, 2005) . This article discusses reasons for this difference in approach, which are important if it is hoped to develop a consistent method of risk assessment for various risks and, in particular, if it is hoped that the techniques applied in earthquake risk evaluation can be used for other types of risks.
This article is only concerned with risks related to natural hazards, e.g.: earthquakes, landslides, tsunamis, coastal erosion and floods. Borst et al. (2006) , for example, develop a methodology for the assessment of man-made risks. Only the modelling of physical vulnerability, and not the social vulnerability of populations, is discussed here.
The following section briefly discusses the methods commonly adopted to assess risk for different natural hazards, contrasting the approach usually followed for earthquake risk (where fragility curves are used) to that adopted in other risk domains (where fragility curves are rarely used). Section 3 discusses the reasons why the vulnerability of elements at risk is not often considered within risk assessments for natural hazards other than earthquakes. The article ends with some conclusions and suggestions.
Evaluation of hazard (direct)
Evaluation of elements at risk Evaluation of vulnerability Evaluation of hazard (induced)
Scenario
Evaluation of effects induced by damage to elements at risk Fig. 1 . The general procedure followed for the evaluation of risk for one scenario.
Fig. 2.
A set of fragility curves for reinforced-concrete buildings for the prediction of earthquake damage of different severities (Rossetto and Elnashai, 2003) . PGA is peak ground acceleration (the hazard parameter) and the y-axis gives the probability of exceeding a given damage state. Figure 1 summarises the main aspects to be considered within a risk assessment. The way the hazard is characterised within the step "Evaluation of the hazard" is generally similar for different natural phenomena. The hazard is commonly characterised in terms of the probability of a measurable physical parameter (or, occasionally, parameters) exceeding a certain threshold during a period of time. For example, the conference proceedings edited by Vecchia (2001) shows that this is a common approach for many natural hazards. The step 'Evaluation of elements at risk' is mainly independent of the type of risk considered since it concerns the collection and use of information such as the cost of a building and its occupancy rate. Such information expresses the level of exposure, defined in natural hazard risk assessments by the characteristics of the population and physical environment at risk. In contrast, the stage "Evaluation of vulnerabil-ity" and the combination of the hazard and the vulnerability to obtain the risk (the item entitled 'Scenario') differs significantly between hazards.
Risk assessments for natural hazards
Within earthquake risk assessments, fragility curves, which express the probable damage to an element at risk given a level of hazard (characterised as within the associated hazard assessment), are used to estimate the expected level of damage (e.g. Fig. 2 ). This approach is then applied to different types of elements at risk (with potentially different fragility curves due to differing vulnerabilities) and the results combined in order to obtain an estimate of the level of risk (e.g. Bommer et al., 2002) . One type of risk assessment similar to that for earthquakes is the assessment of risk from cyclones (e.g. Stewart, 2003) probably since they have similar features to earthquakes, unlike other types of events.
Within risk assessment for most other types of natural hazards, fragility curves are not used but the hazard levels are plotted on maps displaying the elements at risk and their vulnerability (often classified as low, medium or high) (e.g. Dominey-Howes and Papathoma, 2006) . Such types of assessments provide qualitative guidance as to the level of risk due to a particular hazard but cannot be used to provide quantitative estimates of direct economic loss, for example. However, even when fragility curves are used predicted losses are still associated with large uncertainties (e.g. Crowley et al., 2005) .
For landslide risk assessments Glade (2003) finds that there is a lack of studies on the vulnerability of elements and therefore fragility curves are rarely used. Current methods assume that if a landslide occurs then the buildings in its path will be total destroyed (this assumes a constant fragility curve equal to unity for all non-zero values of the hazard parameter) although some more complex approaches have been recently attempted (Glade, 2003) . Bahoken (2003) present a number of intensity scales for different types of mass movement, including landslides and rock falls. These intensity scales give the expected damage to particular elements at risk for different intensities of movement, characterised in terms of one or two parameters (for landslides they are volume and depth of slide), which could be converted into fragility curves. Cardinali et al. (2002) and Bell and Glade (2004) do use basic fragility curves within their analyses although these are based mainly on expert judgement. Green and Rose (2005) note that although volcano hazard maps are quite common, volcano risk maps are very rare.
An interesting recent proposal to generalise hazard estimates and fragility functions derived for one risk to enable them to be used for another is made by Hollenstein (2005) . In this method hazard estimates are defined in terms of a set of common base parameters (for example acceleration, pressure and temperature change) and fragility functions are defined in terms of these common parameters so that they are applicable to all risks. To convert from the established parameters that define hazard (e.g. macroseismic intensity for earthquakes and water depth for floods) wrapper functions need to be developed. Although this method is appealing, at present it has never been applied in practice and is still under development.
Reasons for not modelling vulnerability
Vulnerability is modelled in various ways within risk assessments for different natural hazards. Often it is not considered at all and only the level of hazard is evaluated. The possible, often interlinked, reasons for this are discussed below by contrasting the situation for different risks to that of earthquake risk assessment, where vulnerability is commonly modelled.
Ability to change hazard or exposure level
Earthquakes cannot be prevented or predicted nor can the shaking that occurs be reduced. In addition, there is no warning for earthquake occurrence and hence people cannot be evacuated from the area at risk. Therefore in order to manage the risk it is necessary to alter the exposure (e.g. through land-use planning) or reduce the vulnerability of exposed elements (e.g. through structural retrofitting). In order to accomplish these tasks in a cost-effective manner a quantitative assessment of the risk in a region needs to be conducted, hence fragility curves are required.
For some other hazards, for example some forms of coastal erosion, it is possible to lower the level of hazard at a given location through an engineering approach, for example the construction of a sea wall to prevent erosion. Also for some hazards, e.g. some landslides, it is possible to spot warning signs of a future event and hence evacuate the population at risk. This ability to mitigate the hazard or evacuate people means that there is less incentive to assess the impact of an event, by using fragility curves for example, because it may be possible to prevent its occurrence.
Time and geographical scale
Earthquake damage usually occurs rapidly during the few seconds of strong shaking. This rapidity of occurrence, and the lack of warning, leads to human causalities. Hence there is a strong social need to construct fragility curves in order to be able to translate expected building damage into expected number of deaths and injuries during an earthquake scenario. In addition, the lack of warning and the possible large geographical scale of the area affected by an earthquake, means that it is important to predict how many buildings may be damaged in order to estimate the number of homeless and those requiring medical treatment. The situation for some hazards differs, as discussed above, because through careful monitoring, short-and mid-term forecasting is sometimes possible, e.g. for volcanoes (Marzocchi et al., 2004) .
Building damage from some other hazards, for example coastal erosion or ground creep, happens over a much longer time scale. Therefore, people are not in physical danger from the event and also, since they are slower events and are often smaller, there is time to plan the evacuation of people from their homes and to provide alternative accommodation. In this case, there is a less pressing need for fragility curves.
Some hazardous events, such as rock falls, affect a limited area, perhaps only comprising a handful of buildings. Therefore it is not important to compute the level of damage induced but simply to know which area needs to be evacuated. For these types of event the level of exposure can be altered due to their small geographical scale; this is less easy to do for earthquakes, which can affect a large region.
Different cause for human losses
As discussed above, one major difference between earthquakes and many other natural hazards is that earthquakes themselves rarely kill, rather it is the damage to a building that then causes deaths and injuries, whereas for other natural hazards, e.g. landslides or volcanoes, the event itself can inflict human losses. Hence there is a much greater requirement to construct fragility curves for building damage for earthquakes than for other types of hazard, in order to estimate human losses (an important part of most risk assessments). For some hazards, such as floods, where the event itself can cause death or injuries, there exist curves predicting the danger to life as a function of the intensity of the event (e.g. Ramsbottom et al., 2003) . These can be thought to be equivalent to fragility curves for the assessment of loss of life. Bird and Bommer (2004) find that in 88% of the fifty recent damaging earthquakes they investigate, damage due to ground shaking was responsible for the majority of damage; other causes of damage (such as liquefaction, surface rupture or seismically-triggered landslides) were responsible for most damage in only a few events. Therefore for earthquakes fragility curves usually need only to be developed to predict the damage caused by various levels of ground shaking.
Various causes of damage
This situation where damage is mainly due to a single cause is not true for hazards such as volcanoes, where buildings can be damaged by (Marzocchi et al., 2004) : horizontal pressures and temperatures of pyroclastic and lava flows, vertical load of ash fall, lava, ground deformations and shaking due to volcanic activity and people can be killed by noxious gases or other effects; or for mass movements, where the cause of damage depends on the type of material (e.g. rock), speed and type of movement (e.g. fall) and volume. In volcano risk assessment, work is being undertaken to develop separate fragility curves for different types of effects (Spence et al., 2004 (Spence et al., , 2005 .
Lack of observational data
When earthquakes occur it is common to send field investigation teams to study and record damage caused to structures. These data are then openly published in reports and articles, and can then be used, after estimating the ground motion that occurred at the locations of damage (see below), to develop empirical fragility curves by correlating the level of earthquake ground motion to the damage level of a particular type of structure (e.g. Rossetto and Elnashai, 2003) . The fragility curves thus developed are then employed within risk assessments to estimate the structural damage in future events. However, even for earthquake risk, the lack of highquality observational evidence means that some of the most commonly used sets of fragility curves (e.g. ATC-13, 1985) were developed using expert judgement.
This practice of field missions to assess, in detail, building damage is not as well established for other types of events where often the physical phenomenon itself is the main interest of the mission. In addition, it is difficult to back analyse other events in order to estimate the event characteristics that a given element at risk was subjected; unlike for earthquakes where accelerograms close to a damaged building can be used. For example, one important parameter for analysing the effect of tsunamis is the intensity of the tsunami-induced current but this information is difficult to obtain due to a lack of current-measuring instruments.
In addition, fewer buildings are usually damaged by a single event, such as a landslide, than by a large earthquake and consequently observations from many events must be combined in order to develop empirical fragility curves. For example, Coburn et al. (1994) reproduce f : N curves (i.e. number of people killed in one event, f , versus number of events recorded 1900-1975, N) for different natural disasters, which shows that earthquakes, floods and storms (the risks with the most well-developed use of fragility curves) kill many more people in a single event than volcanoes or landslides/avalanches (for which fragility curves are not commonly used).
The estimation of tsunami risk before the 2004 Indian Ocean earthquake and subsequent tsunami was severely limited by a lack of quantitative observational data from damaging tsunamis due to their long return periods. Also it could be argued that there was little research interest in assessing possible tsunami damage before this disaster since significant damage from tsunamis had been rare during the late 20th century compared with damage from other natural events. However, since the 2004 Indian Ocean tsunami, studies have been published proposing fragility curves using data from this event (Peiris, 2006) .
Complexity of modelling effect of event on element
Earthquake risk assessment is still commonly conducted using a single ground-motion parameter that characterises the amplitude of the ground shaking, often peak ground acceleration or a response spectral ordinate at a period of interest (e.g. the natural period of the building). Although these methods are relatively simple they give reasonably accurate damage estimates. Research is currently being undertaken to reduce the uncertainty in predicting the level of building damage given a level of earthquake hazard through the incorporation of other ground-motion characteristics, such as duration of shaking (e.g. Bommer et al., 2004) , within fragility curves. These more sophisticated approaches are, however, not yet commonly applied in practice.
For other risks, in contrast, there are numerous event characteristics that are valuable in predicting the damage that occurs to an element at risk. Cardinali et al. (2002) state that there are at least four characteristics of landslides that need to be included for a correct parameterization of the hazard (these would then consequently need to be considered in the development of fragility curves), namely: size, shape, velocity and momentum. Therefore, characterising other perils is often more difficult than characterising earthquake hazard.
In addition, simplified models, with few input parameters, are available that can be used to evaluate the response of a building to earthquake shaking. Such simplified models do not exist to model the response of a building to other types of events and complex methods (e.g. finite elements) need to be used. These complex approaches are computational expensive and are not adapted to parametric modelling such as is required to develop fragility curves.
Lack of structural input data
As mentioned above, within earthquake risk assessments structures are usually modelled using highly simplified models (such as elastic single-degree-of-freedom systems), which nevertheless provide reasonably accurate results. Straightforward procedures for providing input parameters to these simplified models have been developed over the relatively long history of earthquake engineering. These methods usually classify buildings based on their age, construction material, number of storeys and possibly other characteristics than can be found by visual, external inspection of the building. In addition, building databases developed for other purposes contain useful parameters for the assessment of earthquake vulnerability. These techniques are therefore relatively fast and cheap and hence can be readily applied in order to undertake a risk assessment.
For other hazards, the type of information required for modelling is more difficult to obtain, thereby restricting the use of such models and consequently the development of fragility curves. For example, for predicting landslide damage it is important to know foundation properties, which cannot be determined simply by external, visual inspection. However, it may be possible to assume a type of foundation based on other characteristics that can be more easily determined, such as the information that is collected for earthquake vulnerability assessment: age, building type and number of storeys.
Repairability of buildings
One purpose of an earthquake risk assessment is to estimate how many buildings will be damaged but will be able to be repaired in order to calculate the cost of reconstruction after an event. This requirement means that most approaches adopt a scale with a handful of damage classes (e.g. undamaged, light, moderate, severe, near collapse and collapse) in which the buildings probable performance during an earthquake will fall. Buildings predicted to have low levels of damage are assumed to be repairable.
For other hazards, such as tsunamis or pyroclastic flows, there is little chance that a building exposed to the full force of the event will be able to be repaired. For example, King and Bell (2005) note that the fragility curves for low-rise buildings used in the RiskScape model for flood and tsunami inundation are very sensitive to the exact height of the water: the building is undamaged if the water is below the lowest floor level but requires repairs or must be completely replaced if the water is 1.2 m above this level. This shows that the fragility curve is step-like and hence there is little benefit gained from using a complex fragility curve rather than simply predicting the location of this critical water depth.
Conclusions
Comparisons between the risk posed by different natural hazards to a population are more correctly performed by examining risk rather than hazard indicators since hazard parameters for different types of perils cannot be readily compared, as they often measure different physical quantities, whereas risk parameters can. For example, a certain level of earthquake ground acceleration cannot be compared to a given flood water level whereas the expected number of damaged buildings from an earthquake or a flood can. In addition, risk parameters are what are of interest to the population.
However, in this brief article it is shown that, although required to undertake risk assessments, fragility curves have rarely been developed for hazards other than earthquakes and cyclones. It is proposed here that a combination of various reasons explain this deficiency. Some of these are due to a lack of observational data and consequently, with significant investment in data collection, these difficulties could be reduced. However, even if large sensor networks are installed and extensive post-event field missions are conducted, the return periods of damaging events are often many decades and therefore it is likely that observational data will not be available for risk calibration purposes for a long time.
Another difficulty in developing fragility curves is the lack of input data for the structural model. To try to overcome this, research could be undertaken to try to make use of the comprehensive datasets of structural information collected for earthquake risk assessments perhaps by developing empirical correlations between required and known structural parameters.
For certain types of natural phenomena (e.g. coastal erosion) due to characteristics different to those of earthquakes the concept of explicitly using fragility curves may not be appropriate and the current method of hazard assessment coupled with an consideration of the exposure of vulnerable elements may be sufficient. In addition, the goal of assessments for such hazards is different to that for earthquakes. They seek to pinpoint the area at danger for evacuation purposes or to intervene using an engineering approach to prevent the occurrence of the possible event rather than to estimate the possible impact of events (such as earthquakes) that cannot be predicted nor prevented.
